The citrus (Citrus sinensis) cyclophilin CsCyp is a target of the Xanthomonas citri transcription activator-like effector PthA, required to elicit cankers on citrus. CsCyp binds the citrus thioredoxin CsTdx and the carboxyl-terminal domain of RNA polymerase II and is a divergent cyclophilin that carries the additional loop KSGKPLH, invariable cysteine (Cys) residues Cys-40 and Cys-168, and the conserved glutamate (Glu) Glu-83. Despite the suggested roles in ATP and metal binding, the functions of these unique structural elements remain unknown. Here, we show that the conserved Cys residues form a disulfide bond that inactivates the enzyme, whereas Glu-83, which belongs to the catalytic loop and is also critical for enzyme activity, is anchored to the divergent loop to maintain the active site open. In addition, we demonstrate that Cys-40 and Cys-168 are required for the interaction with CsTdx and that CsCyp binds the citrus carboxyl-terminal domain of RNA polymerase II YSPSAP repeat. Our data support a model where formation of the Cys-40-Cys-168 disulfide bond induces a conformational change that disrupts the interaction of the divergent and catalytic loops, via Glu-83, causing the active site to close. This suggests a new type of allosteric regulation in divergent cyclophilins, involving disulfide bond formation and a loop-displacement mechanism.
Cyclophilins (Cyps) are ubiquitous proteins that belong to the immunophilin superfamily, exhibiting peptidyl prolyl cis-trans-isomerase (PPIase) activity, and are targets of the immunosuppressive drug cyclosporin A (CsA; Wang and Heitman, 2005) . Cyp proteins act as chaperones or foldases and have been implicated in a wide range of biological processes, including cell division, transcription regulation, mRNA splicing, and stress tolerance (Fischer and Schmid, 1990; Wang and Heitman, 2005) . Cyps are also known to play a key role in virus replication both in animal and plant cells (Luban et al., 1993; Nagy et al., 2011) .
In plants, Cyps control transcription, gene silencing, and hormone signaling, affecting plant development and interaction with pathogens (Iki et al., 2012; Trupkin et al., 2012; Bannikova et al., 2013) . Rotamase Cyp1 (ROC1), one of the best studied Cyps from Arabidopsis (Arabidopsis thaliana), affects plant architecture, hormone and phytochrome signaling, and is a target of the bacterial effector protein AvrRpt2 (Coaker et al., 2005; Trupkin et al., 2012; Ma et al., 2013) . Similarly, citrus (Citrus sinensis) cyclophilin (CsCyp) was identified as a target of the bacterial effector protein PthA, one of the transcription activator-like effectors of Xanthomonas citri that is required to elicit cankers on citrus (Domingues et al., 2010) . CsCyp is a nuclear protein that interacts with other PthA-interacting proteins, including the CsUev/CsUbc13 heterodimer and CsTdx, a TPR domain-containing thioredoxin (Domingues et al., 2010) . Importantly, in addition to PthA and CsTdx, CsCyp also binds to the C-terminal domain of citrus RNA polymerase II (CTD). Like the yeast and mammalian CTDs, the citrus CTD consists of multiple tandem repeats of the consensus sequence YSPXSPX (Domingues et al., 2012) , which play a key role in the transcriptional cycle (Buratowski, 2009) .
In Saccharomyces cerevisiae, the heptad repeats of the CTD are the targets of Ess1 and Cpr1, two prolylisomerases that affect the progress of transcription and gene silencing (Arévalo-Rodríguez et al., Wu et al., 2000; Ma et al., 2012) . We showed that CsCyp complements the function of both Ess1 and Cpr1 and that PthA inhibits its PPIase activity (Domingues et al., 2012) . Since the depletion of CsCyp in citrus leaves enhances canker formation, we postulated that CsCyp acts as a negative regulator of cell growth through the isomerization of Pro residues of the CTD heptad repeats (Domingues et al., 2012) .
CsCyp belongs to the subfamily of the so-called divergent Cyps. Members of this subgroup of Cyps are characterized by the presence of an additional loop with the consensus sequence XXGKXLH, two invariable Cys residues and a conserved Glu (Taylor et al., 1998; Dornan et al., 1999; Peterson et al., 2000) . Previous studies have suggested that the divergent loop could mediate protein-protein interactions or be part of a P-loop or ATP-binding site, formed by residues 42-GEKGIGKS-49 and 163-VVIAD-167 (Dornan et al., 1999) . In addition, due to their close proximity in the structure, it has also been postulated that the conserved Cys residues might form a disulfide bond or coordinate a metal ion via interaction with His-54 from the divergent loop (Dornan et al., 1999) . Nevertheless, the function of these structural elements in protein-protein interactions or the regulation of enzyme activity has not yet been demonstrated. Here, we show that the conserved Cys residues (Cys-40 and Cys-168) are targets of CsTdx and form a disulfide bond that regulates the CsCyp PPIase activity. We also demonstrate that the invariable Glu (Glu-83), which connects the divergent loop to the active site, is critical for protein activity, since it stabilizes the divergent loop in a conformation that favors the active site to remain open. Furthermore, we present evidence suggesting that, instead of binding ATP, the divergent loop functions as a trigger that transmits the redox status of the Cys residues to the active site of the enzyme via interaction with Glu-83. Finally, we show that CsCyp binds to the YSPSAP sequence of the citrus CTD, suggesting that, as in yeast cells, CsCyp modulates the progress of transcription.
RESULTS

CsCyp Belongs to the Subfamily of Divergent Cyps
CsCyp is an 18-kD protein that has a single and typical PPIase domain; however, as a member of the divergent Cyp subfamily, CsCyp also carries the divergent loop (48-KSGKPLH-54), two invariable Cys residues (Cys-40 and Cys-168), and a conserved Glu (Glu-83) that are unique to this subfamily of Cyps (Fig.  1A) . CsCyp is closely related to the Arabidopsis ROC3, wheat (Triticum aestivum) CypA-1, and Caenorhabditis elegans Cyp3 proteins, yet it also shares approximately 70% identity with human CypA and yeast Cpr1, despite both lacking the divergent loop, Glu-83, and one of the invariable Cys residues (Fig. 1A) . A phylogenetic analysis shows that CsCyp forms a branch with several uncharacterized plant Cyps belonging to dicot species. Interestingly, CsCyp is not related to Arabidopsis Cyp59 (Fig. 1B) , the only plant Cyp, besides CsCyp, known to interact with the CTD (Gullerova et al., 2006) .
On the Structural (Dis)similarities between Classical and Divergent Cyps
To gain insights into the regulation of CsCyp activity, the crystal structure of CsCyp in complex with CsCyp is active in its reduced form. The PPIase activity of recombinant CsCyp, measured by the a-chymotrypsincoupled assay, reaches a plateau within 30 to 60 s after the start of the reaction. The PPIase activity of wild-type CsCyp (red) is compared with those of the C40S (A), C168S (B), and C40S/C168S (C) mutants in the absence (dark cyan, blue, and green, respectively) or presence of 30 nM CsA (light blue, light cyan, and light green, respectively). The mutant proteins all show a higher PPIase activity than the wild-type CsCyp, and all are drastically inhibited by CsA. The PPIase activity of the buffer alone is shown in black.
CsA was solved. The overall architecture of CsCyp is highly similar to that of the C. elegans Cyp3 and human CypA structures in complex with CsA (Pflügl et al., 1993; Ke et al., 1994; Dornan et al., 1999) and comprises an eight-stranded antiparallel b-barrel capped at either end by two a-helices (Fig. 2, A and B) . The CsCyp active site, composed of 13 residues that are also responsible for CsA binding (Fig. 1A) , is identical to that of Cyp3, CypA, and TaCypA-1 (Pflügl et al., 1993; Ke et al., 1994; Dornan et al., 1999; Sekhon et al., 2013) . Structure alignment of CsCyp with TaCypA-1, the only other plant divergent Cyp with known threedimensional (3D) structure, showed no major structural differences (root mean square deviation = 0.43 Å). The CsCyp divergent loop (48-KSGKPLH-54), located above the active site, is tethered by the conserved Glu-83, through hydrogen bonds between the side-chain carboxyl group of Glu-83 and the main-chain amide groups of Lys-48 and Ser-49 (2.6 and 3.2 Å, respectively), and the hydroxyl group of Ser-49 (2.3 Å; Fig.  2C ). In the Cyp3 structure (Dornan et al., 1999) , the interactions between Glu-83 and the main-chain amide proton atoms of Lys-48 and Ser-49 are conserved (2.8 and 3.2 Å, respectively); however, the side chain of Ser-49 adopts a different orientation and is instead hydrogen bonded through its hydroxyl group to a neighboring water molecule. In addition, and different from CsCyp, Glu-83 in Cyp3 also exhibits a distinct rotameric conformation that disables the interaction with the hydroxyl group of Ser-49. These observations strongly support the hypothesis that Glu-83 is key in anchoring the divergent loop in a particular conformation in this subgroup of Cyps, as reported previously (Dornan et al., 1999; Taylor et al., 2001) . Moreover, the two invariable Cys residues (Cys-40 and Cys-168), which under the conditions studied are found to be in their reduced forms in the crystal structure, are also in close spatial proximity to one another in CsCyp, as in Cyp3 (Dornan et al., 1999) , with an interatomic sulfur-sulfur distance of 5.4 Å separating them (Fig. 2B) .
The Conserved Cys-40 and Cys-168 Form a Disulfide Bridge and Are Critical for CsCyp Activity
We and others have noticed that the two conserved Cys residues, which are in the reduced form and close to each other in the tertiary structure, could form a disulfide bond under oxidizing conditions (Dornan et al., 1999; Taylor et al., 2001 ). In addition, Dornan et al. (1999) postulated that the proximity of His-54 to the Cys residues Cys-40 and Cys-168 could alternatively form a metal coordination site involving these residues. It was thus suggested that formation of a disulfide bond or metal binding could represent a signaling mechanism in response to oxidative stress (Dornan et al., 1999; Taylor et al., 2001 ). However, since we found no electron density corresponding to metal ions in the CsCyp x-ray diffraction data, we anticipated that the disulfide bridge may in fact be part of a redox mechanism that controls the enzyme activity. To test this hypothesis, mass spectrometric analysis was conducted with purified CsCyp under nonreducing conditions. Even in the absence of a specific oxidizing agent, we detected a disulfide bond between Cys-40 and Cys-168 in our protein samples through identification of the linked peptides 38-ALCTGEK-44 and 159-TNKPVVIADCGQLS-172 (Supplemental Fig. S1 ). In addition, the same peptides were also identified in their reduced forms, suggesting that the recombinant CsCyp made in Escherichia coli under the conditions described in "Materials and Methods" is a mixture of reduced and oxidized forms of the protein. No alternative disulfide bridges involving either of the other two Cys residues in CsCyp were detected from our mass spectrometric analysis (Supplemental Fig. S1 )
To establish the possible role of Cys-40 and Cys-168 in protein activity, the mutants C40S, C168S, and C40S/ C168S were generated. We measured the PPIase activity of the mutated proteins relative to wild-type CsCyp and found that all the mutant proteins displayed a significantly higher PPIase activity than wild-type CsCyp ( Fig. 3 ; Table I ). The k cat /K m value for the wild-type CsCyp (5.6 s 21 mM
21
) is consistent with values determined for other Cyp proteins (Dornan et al., 1999; Laxa et al., 2007; Sekhon et al., 2013) . In addition, while the C40S and C168S mutants were similarly inhibited by CsA, the double mutant was more strongly inhibited by CsA relative to the wild-type protein ( Fig. 3 ; Table I ), indicating that CsCyp is active in its reduced form. This is consistent with the mass spectrometric analysis that shows that the wild-type protein preparation has a mixture of oxidized and reduced CsCyp.
CsCyp Is Not a Zinc-Binding Protein
To investigate whether CsCyp activity could be regulated by a metal ion, the CsCyp PPIase activity was measured in the presence of various metal salts. With the exception of CuSO 4 , which significantly inhibited the CsCyp activity and which was shown to induce disulfide bond formation in nondivergent Cyps (Gourlay et al., 2007) , the other metal ions tested, including Zn 2+ and Mn 2+ , did not affect enzyme activity ( Fig.  4A ; Table I ).
We also investigated if CsCyp could bind a metal ion using x-ray fluorescence analysis. Among the elements detected, calcium, iron, cobalt, nickel, copper, and/or zinc were identified in the samples. However, with the exception of nickel and zinc in the C40S/ C168S mutant, which were found at relatively higher and lower levels, respectively, no major peak was found in the wild-type protein that would indicate the presence of a specific metal ligand, relative to the C40S and C168S mutants, or to bovine serum albumin used as a negative control (Fig. 4B ). Furthermore, we observed no significant differences in the His imidazole region of 1 H-15 N band-selective optimized-flip-angleshort-transient heteronuclear multiple quantum coherence (SOFAST-HMQC) spectra of CsCyp samples treated with ZnCl 2 or EDTA, compared with the untreated CsCyp, or between wild-type CsCyp and the C40S/ C168S mutant, indicating that Zn 2+ does not bind to any His imidazole rings of CsCyp (Fig. 4 , C and D, respectively). The small secondary chemical shifts observed between samples are most likely a consequence of small differences in pH between samples (change in pH approximately 0.2) or the effect of the Cys mutations. Although we observed that one His ring experiences a structural environment that differs from the others, as shown by its 15 N chemical shifts resonating at 183 and 225 ppm (Fig. 4C) , it is likely that in solution this His ring is protonated at the N «2 nitrogen atom and coordinated to an as yet unidentified electrophile (though not Zn 2+ ) at the N d1 nitrogen atom that is not observed in the x-ray diffraction electron density map. Even though none of the His imidazole rings have been unambiguously sequentially assigned, our results provide no evidence that a His imidazole ring is directly involved in zinc binding in CsCyp; consequently, His-54 is not likely to form a metal-binding site with Cys-40 and Cys-168, as suggested by Dornan et al. (1999) . Taken together, our data suggest that coordination of a metal ion via interaction with His-54, Cys-40, and Cys-168 is not required and that protein activity is regulated solely by disulfide bond formation between the conserved Cys residues.
Cys-40 and Cys-168 Are Required for CsTdx Interaction
Considering that (1) CsCyp activity is affected by the disulfide bond formation between Cys-40 and Cys-168, (2) thioredoxins have been shown to reduce disulfide bonds in nondivergent Cyps (Motohashi et al., 2003) , and (3) the citrus TPR domain-containing thioredoxin CsTdx is an interaction partner of not only CsCyp but also of PthA and the citrus CTD (Domingues et al., 2010 (Domingues et al., , 2012 , we decided to investigate whether Cys-40 and Cys-168 could be the targets of CsTdx. Glutathione S-transferase (GST) pull-down assays using GST-CsTdx as bait showed that the interaction between CsTdx and CsCyp is not only diminished by the C40S mutation but completely abolished by the C168S and C40S/C168S mutations (Fig. 5) .
The Conserved Glu Is Also Critical for CsCyp Activity
We noticed from the CsCyp 3D structure that the conserved Glu-83 is connected to a loop that approaches the active site at one end of the substrate pocket. In fact, one of the residues of this loop, Gly-79, belongs to the active site of the protein (Fig. 1A) . This suggested that the interaction of Glu-83 with the divergent loop could favor the active site to remain open and led us to investigate the possible role of Glu-83 as a key residue in controlling protein activity. To test this hypothesis, Glu-83 was mutated to Ala (E83A), Ser (E83S), or Gln (E83Q). It was expected from the 3D structure that a substitution to Ala or Ser would drastically disrupt all the hydrogen bonds with Lys-48 and Ser-49, allowing the divergent loop greater flexibility, whereas a substitution to Gln would probably maintain the divergent loop in its more rigid configuration (Fig. 2C ). In accordance with this, the results show that the E83A and E83S mutants have a much Figure 5 . The conserved Cys residues, Cys-40 and Cys-168, are required for the CsCyp-CsTdx interaction. A GST pull-down assay used GST-CsTdx as bait and the purified wild-type or CsCyp mutants without the 6xHis tag as prey. Protein samples were electrophoresed and probed with the anti-GST or anti-CsCyp serum. A, Wild-type CsCyp, and to a lesser extent the C40S mutant, bind to GST-CsTdx but not to GST alone. B, The interaction between CsCyp and CsTdx is abolished by the C168S and C40S/C168S mutations. Soluble cell extracts of GST-CsTdx, GST alone, or purified CsCyp proteins used as inputs are indicated. The molecular sizes of the corresponding proteins are shown on the left.
lower PPIase activity than wild-type CsCyp or the E83Q mutant ( Fig. 6 ; Table I ). Interestingly, only the PPIase activity of the E83Q mutant could be still further inhibited by CsA ( Fig. 6C ; Table I ), indicating that disruption of the hydrogen bonds between Glu-83 and the divergent loop dramatically affects the active site of CsCyp.
To investigate this further, 1 H-15 N HSQC experiments were performed with the E83A mutant as with the wild-type protein. Superposition of the two spectra revealed that most of the residues of the divergent loop, including Gly-50, Lys-51, Leu-53, and His-54, showed substantial chemical shift differences, indicating that the loop adopts a new conformation as a result of the disruption of the hydrogen bonds with Glu-83 (Fig. 6D) . The loss of some of the loop signals (Lys-48 and Ser-49) and the weak intensity of others (G50), most likely due to line broadening resulting from chemical exchange, suggest a change in the dynamics of this region. Moreover, we observed changes in the chemical shifts of Gly-79, Ala-108, Asn-109, and Gln-118 of the active site and in Cys-40, indicating that loss of interaction between the divergent loop and Glu-83 affects both the active site and the Cys environment (Fig. 6D) . As anticipated, some of the active-site residues whose environments are altered in the E83A mutant are the ones that make contacts with the ligand CsA at the end of the substrate pocket that is close to the Glu-83 loop (Fig. 6E) , thus supporting the idea that disruption of the Glu-83 interaction with the divergent loop affects the active site of the protein.
CsCyp Binds Selectively to a CTD Heptad Repeat
Specific peptide targets of divergent Cyps have not been described; nevertheless, CsCyp was shown to interact strongly with the citrus CTD, which is composed of numerous Pro-rich hepta repeats with the consensus sequence YSPXXPX (Domingues et al., 2012) . To further understand this interaction and identify which repeat of the CTD CsCyp interacts preferably, we measured 1 H-15 N HSQC spectra using three peptides corresponding to the major heptad repeats of the citrus CTD. We observed that the interaction of CsCyp with peptides 1 (YSPTSP) and 2 (YSPSSP) was weak, and only Ala-108 and Asn-109, which belong to the active site, showed small chemical shift changes in the HSQC spectra (data not shown). However, strong interactions were observed with peptide 3, YSPSAP (Fig. 7A) , as well as with the control peptide, FGPDLP (Fig. 7B) , which is known to bind human CypA with high affinity (Piotukh et al., 2005) . In both cases, major changes in the chemical shifts were observed for the active-site residues, including Arg-62, Glu-70, Gly-79, Phe-120, and Leu-129 (Fig. 7) . Since the off rate of the ligand binding is fast with regard to the NMR time scale, the dissociation constant (K d ) of the interaction could be determined as K d = 59 mM for peptide 3 and K d = 104 mM for peptide 4. In comparison, a K d of approximately 27 nM was calculated for the CsCyp-CsA interaction by isothermal titration calorimetry (Supplemental Fig. S2) . Thus, the results indicate that CsCyp has a preference for the YSPSAP repeat of the citrus CTD.
To further investigate the molecular basis of such peptide preference, docking studies were employed to support our experimental data. The results show that the substitution of Ala (YSPSAP) to Ser (YSPSSP) at the +2 position is detrimental for recognition and binding of the ligand peptide due to a hydrophobic microenvironment at this subsite, which is formed by the residues Ile-64, Phe-67, and Trp-128 of CsCyp (Fig. 8) . Any polar residue at this subsite, such as Ser, is likely to disfavor or preclude binding of the ligand peptide. This idea is in accord with our NMR titration experiments and is also in agreement with literature data showing that polar residues at the +2 position negatively affect the binding of linear peptides to CypA (Piotukh et al., 2005) . In this work, we describe the 3D structure of a citrus Cyp that belongs to the divergent Cyp subfamily. Although 3D structures of divergent Cyps have been reported, the functional role of their unique structural elements (i.e. divergent loop, invariable Cys pair, and stabilizing Glu) remained unclear (Dornan et al., 1999; Taylor et al., 2001; Sekhon et al., 2013) . Here, we show that, instead of coordinating a metal ion with His-54, as proposed previously (Dornan et al., 1999; Taylor et al., 2001 ), Cys-40 and Cys-168 form a disulfide bridge that blocks protein activity. In addition, the fact that the interaction between CsCyp and CsTdx requires the conserved Cys residues strongly indicates that the PPIase activity of CsCyp is regulated by a redox mechanism involving the thiol groups of Cys-40 and Cys-168. In fact, disulfide bond formation and interaction with thioredoxins has been reported to control the PPIase activity of nondivergent Cyps in animals and plants (Motohashi et al., 2003; Gourlay et al., 2007; Laxa et al., 2007) . For instance, the activity of Arabidopsis CYP20-3 (ROC4), which links redox and light signals to Cys biosynthesis and stress responses in chloroplasts, is dependent on reduction by a thioredoxin (Motohashi et al., 2003; Dominguez-Solis et al., 2008) .
It has also been suggested that the divergent loop could be part of an ATP-binding site formed by residues 42-GEKGIGKS-49 and 163-VVIAD-167 (Dornan et al., 1999) . However, 1 H-15 N HSQC spectral analyses showed that ATP did not interact with the proposed P-loop but weakly interacted with a few residues of the active site with K d . 1 mM, suggesting a nonspecific interaction (data not shown).
We also demonstrate that the conserved Glu-83, which connects the divergent loop to the active site of CsCyp, is critical for protein activity. Thus, since both Glu-83 and the disulfide bridge formation between Cys-40 and Cys-168 regulate the PPIase activity of CsCyp, and the Cys residues are structurally connected with the active site by the interaction of Glu-83 with the divergent loop, we propose a mechanistic model for the redox regulation of divergent Cyps.
A Mechanistic Model for the Redox Regulation of Divergent Cyps
The divergent loop protrudes from the helix containing residue Cys-40, suggesting that disulfide bridge formation would promote structural rearrangements that would be transmitted to this loop. Interestingly, the process involved in such disulfide bridge formation in CsCyp seems to be a conserved redox 2-Cys mechanism observed in the catalytic cycle of peroxiredoxins (Hall et al., 2011) . In this group of enzymes, a Cys referred to as peroxidatic Cys is located at the end of a helix (as Cys-40 is in divergent Cyps). When this Cys is in the reduced state, the helix adopts a fully folded (FF) conformation, whereas under oxidizing conditions (S-S bond), it adopts a locally unfolded (LU) conformation, which is required for disulfide bond formation between the peroxidatic Cys and the so-called resolving Cys located at the C terminus of the protein, just as Cys-168 is in CsCyp (Hall et al., 2011) . Thus, analogously to peroxiredoxins, an FF→LU transition in CsCyp, mediated or stabilized by the disulfide bond formation between Cys-40 and Cys-168, would cause a significant change in the conformation of the divergent loop, as envisaged by our mechanistic model (Fig. 9) . According to this model, transition from the FF to the LU state would lead to the disruption of the interaction between Glu-83 and the divergent loop, causing repositioning of the Glu-83 loop (segment 73-DFTAGNGTGGE-83) and a consequent narrowing of the active-site cleft (Fig. 9, A and B) . The Glu-83 loop, which we suggest would function as a catalytic loop, is rich in Gly residues, and removal of its anchoring point with the divergent loop would provoke its displacement, thereby altering the substrate channel (Fig. 9 , B and C). The fact that the E83A mutant does not bind CsA and shows chemical shift perturbations in Gly-79 and in three catalytic residues neighboring the catalytic loop (Fig. 6) supports our model. High crystallographic B factors for the divergent loop in wildtype CsCyp, together with conformational exchangebroadened residues Gly-77, Asn-78, Gly-79, and Thr-80 of the catalytic loop, evident in NMR spectra of CsCyp E83A, also corroborate our loop-displacement model. Thus, the model not only explains why the E83A and E83S mutants have reduced PPIase activity that cannot be further inhibited by CsA but also offers an elegant explanation for the redox control of protein activity. In Schistosoma mansoni Cyp, disulfide bond formation, which renders the enzyme inactive, was similarly suggested to cause changes in cavity areas. However, the molecular mechanism governing such allosteric regulation was not demonstrated (Gourlay et al., 2007) . In any case, it does not involve a divergent loop or an FF→LU transition. Thus, to our knowledge, this is the first report of this type of enzyme regulation among Cyps.
The Citrus CTD as a Target of CsCyp
Finally, we show that CsCyp binds with greater affinity to the YSPSAP sequence relative to the more abundant heptad repeats YSPTSP and YSPSSP found in the citrus CTD. The K d value for the YSPSAP binding to CsCyp is comparable to that of the FGPDLP peptide binding to human CypA (Piotukh et al., 2005) . Despite the facts that our molecular docking simulations offer a good explanation for such selective binding (Fig. 8) and that CypA preferentially binds Gly-Pro sequences (Howard et al., 2003; Piotukh et al., 2005) , it is important to note that peptides with a Gly at position 21 bind Cyps with such great affinity that they actually function as inhibitors, as is the case for FGPDLP (Howard et al., 2003; Piotukh et al., 2005) . Given the peculiar conformation Gly assumes at the 21 position, it has been suggested that suboptimal binding sequences may in fact be better substrates for isomerization (Howard et al., 2003) . Thus, we cannot rule out the possibility that the YSPTSP and YSPSSP sequences are indeed also substrates of CsCyp.
MATERIALS AND METHODS
Protein Purification
The citrus (Citrus sinensis) CsCyp gene (ACX37092.1) was cloned into the NdeI/NotI sites of pET28a. The 6xHis-CsCyp was expressed in Escherichia coli BL21 (DE3) cells and purified by metal affinity chromatography. Cells were grown at 30°C in Luria-Bertani medium containing kanamycin (50 mg mL
21
) to an optical density at 600 nm of 0.6, followed by induction with 0.4 mM isopropylthio-b-D-galactopyranoside (IPTG) for 3 h. After centrifugation, cells were suspended in 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 5 mM imidazole, and 20% glycerol, incubated on ice with lysozyme (1 mg mL
) for 30 min, and sonicated.
Clarified supernatants were incubated with cobalt resin for 2 h at room temperature. The beads were washed with 10 column volumes of 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10 mM imidazole, and 20% glycerol, and the retained proteins were eluted with buffer containing 200 mM imidazole. The 6xHis tag was cleaved with thrombin at 25°C for 16 h. Protein was further purified on a Superdex 75 10/300 column equilibrated with 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 2% glycerol. Purified CsCyp (11 mg mL
) was stored at 4°C in 20 mM Tris-HCl, pH 8.0, 30 mM NaCl, and 0.4% glycerol. The CsTdx protein was expressed and purified as described previously (Domingues et al., 2010) .
Crystallization
Despite numerous attempts to crystallize CsCyp in the absence of a ligand, or in complex with CTD peptides, only the CsCyp:CsA complex produced diffractable crystals. In addition, no crystals of oxidized CsCyp were obtained, since a protocol to fully oxidize the protein has not yet been established. Crystallization of the CsCyp:CsA complex (1:2 molar ratio) was performed using the sitting-drop vapor-diffusion method at 18°C. The drop contained 1 mL of the CsCyp:CsA complex plus 1 mL of the reservoir solution containing 100 mM Bis-Tris propane, pH 7.0, and 1.2 M sodium citrate. Crystals were refined using the seeding technique using the same crystallization conditions. Well-formed crystals grew within 1 d and were used for x-ray data collection.
X-Ray Data Collection, Structure Determination, and Refinement
Protein crystals were flash cooled in a stream of gaseous nitrogen at 100 K. The x-ray diffraction data were collected in the MX2 beamline (l = 1.445 Å) of the Brazilian Synchrotron Light Laboratory using a MAR CCD detector (MARResearch GmbH), with a crystal-to-detector distance of 110 mm and 1°o scillations. Data images were processed with MOSFLM (Leslie, 1992) , scaled, and merged with SCALA (Evans, 2006) . The structure of the CsCyp:CsA complex was determined by molecular replacement with Phaser, using the structure of the Caenorhabditis elegans Cyp3 in complex with CsA (Protein Data Bank no. 1DYW) as a model. The structure was refined using Phenix and fit to generate electron density maps using Coot. All data were refined to give satisfactory final R factor and R free factors and geometric parameters. Information on data collection is summarized in Table II . The structure of CsCyp in complex with CsA has been deposited in the Protein Data Bank (no. 4JJM).
Mass Spectrometric Analysis
Purified CsCyp separated on polyacrylamide gels under nonreducing conditions was digested with trypsin, dried under vacuum, and reconstituted in 100 mL of 0.1% formic acid. The peptide mixture was analyzed on an LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with liquid chromatography-tandem mass spectrometry by an EASY-nLC system (Proxeon Biosystem) through a Proxeon nanoelectrospray ion source, as described previously (Aragão et al., 2012) . Peak lists (magellan storage file) were generated from the raw data files using Proteome Discoverer version 1.3 (Thermo Fisher Scientific) and the Sequest search engine and searched against the National Center for Biotechnology Information database using carbamidomethylation (+57.021 D) as a fixed modification, oxidation of Met (+15.995 D) as a variable modification, one trypsin missed cleavage, with a tolerance of 10 ppm for precursor and 0.02 D for fragment ions. Peak lists were filtered using Xcorr cutoffs (+1 . 1.8, +2 . 2.5, and +3 . 3.5).
For cross-link analysis, the raw data files generated by Xcalibur version 2.1 (Thermo Fisher Scientific) were converted to a peak list format (mgf) using Proteome Discoverer version 1.3. The Mascot generic file files were analyzed using the MassMatrix software (Xu and Freitas, 2007) to search automatically against the CsCyp sequence. The parameters for disulfide bond analysis were carbamidomethylation (+57.021 D) as a fixed modification, oxidation of Met (+15.995 D) as a variable modification, cross-linkage search with Cys-Cys, four trypsin missed cleavages, and a tolerance of 10 ppm for precursor and 0.02 D for fragment ions. Search results yielding high confidence (mass-matrix peptide score . 70) and potential cross-linked peptides were manually validated for b and y ion series containing a-and b-chains. white beam 0.1 mm high 3 5 mm wide was used to excite the CsCyp samples under total reflection conditions. Samples were prepared as follows: 5 mL of the protein solution at 8 mg mL 21 was dropped onto a Perspex support and dried using an infrared lamp for 15 min. Samples were measured for 300 s, and the collected x-ray fluorescence spectra were evaluated using the PyMCA program (Solé et al., 2007) .
Site-Directed Mutagenesis
The Cys residues Cys-40 and Cys-168 were each replaced by Ser (C40S, C168S, and C40S/C168S), whereas Glu-83 was replaced by Ala, Ser, or Gln (E83A, E83S, and E83Q), by site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis kit (Stratagene). The proteins, subcloned into pET28a, were expressed as 6xHis tag fusions and purified as described above.
PPIase Assay
The PPIase assay was performed as described previously (Domingues et al., 2012) . Purified proteins were incubated in 50 mM HEPES, pH 8.0, and 100 mM NaCl and stabilized at 10°C for 5 min. CuSO 4 and CsA were added to the reaction mix to final concentrations of 15 and 30 nM, respectively. The reaction was initiated by the addition of 1 mg of a-chymotrypsin followed by the peptide substrate N-succinyl-AAPF-p-nitroanilide (Sigma-Aldrich) to a final concentration of 100 mM. The PPIase reaction was monitored at 390 nm for a period of 5 min. Data were fitted to a first-order rate equation (A 390 = A 1 + A 0 e 2kt , with k as rate constant) and rate constants (k obs ) derived as described by Motohashi et al. (2003) . The k cat /K m values were calculated according to the equation
, where k 0 is the first-order rate constant for spontaneous cis-trans-isomerization (Motohashi et al., 2003) .
GST Pull-Down Assays
GST-CsTdx, subcloned into the SalI/NotI sites of pGEX-4T, was expressed in BL21 (DE3) cells upon induction with 0.4 mM IPTG for 2 h at 30°C (Domingues et al., 2010) . Cells were suspended in phosphate-buffered saline (PBS) containing 1 mM dithiothreitol (DTT) and lysozyme (1 mg mL 21 ). After sonication and centrifugation, soluble fractions of GST-CsTdx were immobilized on glutathione resin, and unbound proteins were removed with three PBS washes. Purified wild-type CsCyp, or CsCyp mutants (approximately 30 mg), were incubated with the resin containing GST or GST-CsTdx for 2 h at 4°C. The beads were washed four times with PBS, and bound proteins were resolved on 13% SDS-polyacrylamide gels. Proteins were transferred onto nylon membranes, probed with anti-CsCyp (1:3,000) or anti-GST (1:3,000) serum, and developed with the ImmunoCruz kit (Santa Cruz Biotechnology).
NMR Sample and Peptide Preparation
Uniformly 15 N-and 13 C, 15 N-labeled protein was prepared for NMR analysis by growing the CsCyp cell culture at 30°C in M9 minimal medium containing 15 NH 4 Cl and/or [ 13 C]Glc (Cambridge Isotopes) to an optical density at 600 nm of 0.6, followed by induction with 0.4 mM IPTG for 3 h. CsCyp was purified as described above. The protein (approximately 1 mM) was solubilized in 50 mM phosphate buffer, pH 6.8, containing 50 mM NaCl and 5% Deuterium oxide, and incubated with synthesized ligand hexapeptides derived from the heptad repeats of the citrus CTD (EY725107): peptide 1 (YSPTSP), peptide 2 (YSPSSP), and peptide 3 (YSPSAP). A fourth peptide (FGPDLP) was used as a control, since it binds human CypA (Piotukh et al., 2005) .
NMR Spectroscopy
All NMR experiments were performed at 25°C using a Varian Inova 600-MHz spectrometer equipped with a triple-resonance HCN cryogenic probe, operating at a 1 H frequency of 599. (Johnson and Blevins, 1994; Delaglio et al., 1995) . Prior to Fourier transformation, the time domain data were zero filled in all dimensions. When necessary, a fifth-order polynomial baseline correction was applied after transformation and phasing. The K d values for the CsCyp ligands were determined using the titration analysis module of the NMRView program.
To investigate the possibility of zinc binding to CsCyp, 1 H-15 N SOFAST-HMQC spectra were acquired at 900 MHz on 15 N-labeled samples of (1) 1 mM CsCyp in the presence of (2) 14 mM DTT and 10 mM EDTA, (3) 10 mM ZnCl 2 , (4) 10 mM ZnCl 2 followed by the addition of 10 mM EDTA (same sample as used in sample 3), and on (5) 1.4 mM 15 N-labeled Cyp C40S/C168S. The standard pulse sequence, sofastNhmqc.c, from the Biopack sequence library was employed. A large spectral width in the 15 N dimension (16,400 Hz) with the offset at 192 ppm, a J NH coupling constant of 22.7 Hz, and an Ernst excitation angle of 120°were used to enable optimal detection of the two-bond J-coupling constant between the amide proton and nitrogen nuclei in the His imidazole region of the spectrum (approximately 160-260 ppm). To compensate for the relatively large number of scans per free induction decay required to generate sufficient signal to noise (350, 864, and 1,200 scans for samples 2, 3, and 4, respectively), a recycle delay of 400 ms and an acquisition time of 40 ms were used to reduce the experimental time. Thirty-two complex data points were acquired in the 15 N dimension. Spectra were processed using NMRPipe and analyzed using CcpNmr Analysis (Vranken et al., 2005) . Prior to Fourier transformation, a cosine bell window function for apodization was applied in both dimensions as well as linear prediction in the indirect dimension.
Isothermal Titration Calorimetry
Isothermal titration calorimetry experiments were performed on a VP-ITC Microcal calorimeter at 25°C, according to Davis et al. (2010) . Purified CsCyp was extensively dialyzed against 50 mM HEPES, pH 8.0, and 200 mM NaCl. Titrations consisted of 5-mL injections of dialyzed CsCyp into the sample cell containing the ligand CsA at 5 mM final concentration. The recorded data were analyzed using Origin 7 software (MicroCal). Binding constants were obtained from the average of three independent experiments.
Molecular Docking Simulations
Molecular docking studies between CsCyp and peptides YSPSAP and YSPSSP were carried out with the program Rosetta FlexPepDock (London et al., 2011) . The peptides were roughly docked into the active site of CsCyp based on the binding mode of HIV-1 CA protein CypA (Howard et al., 2003) and then submitted to the high-resolution peptide-protein docking protocol, in which peptide backbone and rigid body orientation are optimized by the "Monte Carlo with minimization" approach. The complex was refined in 200 independent FlexPepDock simulations and ranked based on a Rosetta generic full-atom energy score.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Fragment ion spectra of reduced and crosslinked peptides.
Supplemental Figure S2 . Interaction of CsCyp with CsA assessed by isothermal calorimetry, showing the raw injection heats and integrated data fit to a single-site binding model.
